Properties of paving units incorporating slag cement  by El Nouhy, Hanan A.
HBRC Journal (2013) 9, 41–48Housing and Building National Research Center
HBRC Journal
http://ees.elsevier.com/hbrcjProperties of paving units incorporating slag cementHanan A. El NouhyHousing and Building National Research Center, Cairo, EgyptReceived 7 May 2012; accepted 8 July 2012E-
Pe
R
16
htKEYWORDS
Paving units;
Slag cement;
Abrasion resistance;
Skid/skip resistancemail address: hanan_elnouhy
er review under responsibili
esearch Center.
Production an
87-4048 ª 2013 Housing and
tp://dx.doi.org/10.1016/j.hbrc@yahoo
ty of Ho
d hostin
Buildin
j.2012.12Abstract The aim of this study is to investigate the effect and possibility of using Portland slag
cement in the production of interlocking paving units. Paving units consist of two layers. Four
mixes were cast. The ﬁrst mix was the control mix, in which Portland cement was used in the
two layers. In the second mix, Portland slag cement was used in the upper layer, Portland cement
was used in the backing layer. In the third mix, Portland cement was placed in the upper layer, while
Portland slag cement was used in the backing layer. Finally, in the fourth mix, Portland cement was
fully replaced by Portland slag cement in both layers. Tests were carried out in order to investigate
the properties of the manufactured specimens at ages 28 and 180 days, respectively. Compressive
strength and abrasion resistance were conducted according to the American Society for Testing
and Materials (ASTM C 140 and ASTM C418). Water absorption, split tensile strength, abrasion
resistance, as well as, skid resistance were performed according to both Egyptian Standard Speci-
ﬁcations (ESS 4382) and European Standard (EN 1338). The Egyptian standard is identical with
the European standard. The results indicate that it is feasible to use Portland slag cement in the
manufacture of paving blocks as the conditions of the conducted tests were satisﬁed at age180 days
except for the minimum splitting tensile strength test.
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All rights reserved.1. Introduction
Concrete remains an indispensible construction material and
allows engineers to evaluate many materials by incorporating
them into concrete. For construction industry, maintainability
and sustainable improvement aims primarily to protect
environment by using alternative material, new methods, and.com
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.004recycling [1]. Concrete block pavements have become an
attractive engineering and economical alternative to both ﬂex-
ible and rigid pavements. The strength, durability and aesthet-
ically pleasing surfaces have made paving blocks attractive for
many commercial, municipal and industrial applications such
as parking areas, pedestrian walks, trafﬁc intersections, and
roads [2].
From an environmental viewpoint, the use of slag cement in
concrete serves to make concrete ‘‘green’’ as it can be consid-
ered a recycled material, due to the fact that, it is a by-product
of iron production in a blast furnace. Reuse of post-consumer
wastes and industrial by-products in concrete is necessary to
produce even ‘‘greener’’ concrete. ‘‘Greener’’ concrete also im-
proves air quality, minimizes solid wastes, and leads to sustain-
able cement and concrete industry. Portland slag cement wasction and hosting by Elsevier B.V. All rights reserved.
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blast furnaces. Thus, provide a proﬁtable use for an otherwise
waste product. There are several advantages concerning the
use of slag cement, some of which are the reduction of energy
consumption and greenhouse gasses emitted in the production
of concrete raw materials. It can replace Portland cement di-
rectly on a one-to-one basis by weight in concrete blocks and
high strength concrete in the range of 25–50% by mass, and
be used in almost all concrete applications [3–6]. Since slag ce-
ment is a by-product of steel manufacturing process, its use in
concrete is recognized by LEED as improving the sustainabil-
ity of construction work and will therefore add points towards
LEED certiﬁcation [7].
Malagavelli et al. [8] investigated the characteristics of M30
concrete with partial replacement of cement with Ground
Granulated Blast furnace Slag (GGBS) and sand with the
ROBO sand (crusher dust).The cubes and cylinders were tested
for both compressive and tensile strengths. It was found that by
the partial replacement of 50% cement with GGBS and 25%
sand with ROBO sand helped in improving the strength of
the concrete substantially compared with normal mix concrete.
2. Materials and methods
2.1 Cement
The types of cement used were Portland cement CEM I 52, 5 N
in accordance to ESS 4756-1/2007 and Portland slag cement
CEM II/A-S 32, 5 N respectively. Physical properties of both
types of cement are shown in Tables 1 and 3, while the chem-
ical composition and chemical properties are shown in Tables
2 and 4 respectively.
2.2 Fine aggregates (sand)
Siliceous sand was used in this research program. The sieve
analysis curve is shown in Fig. 1. Table 5 gives the physical
properties of ﬁne aggregates.
2.3 Coarse aggregates (crushed stone)
Crushed limestone was used in this research. Fig. 2 shows the
sieve analysis of crushed limestone, as supplied. Table 6 pre-
sents the physical properties of coarse aggregates. The chemi-
cal analysis of crushed limestone is given in Table 7.
3. Testing methods
All concrete paving blocks were prepared using pressure and
vibration until complete compaction was obtained from the
compaction machine.Table 1 Portland cement properties according to ESS 4756-1/2007
Property Description
Setting time (min) Initial
Final
Soundness (mm)
Compressive strength (MPa) 2 days
28 daysThe weathering resistance was determined by test in accor-
dance to BSEN 1338 [9] and ESS 4382 [10] annex E for water
absorption. The specimens were placed in potable water at a
temperature of 20 ± 5 C for 3 days as this is the minimum
period of immersion according to the standard. Then they
were weighed to obtain the initial mass. After that, the speci-
mens were placed inside the oven for a minimum period of
3 days as this again is the minimum period of drying. The spec-
imens were then allowed to be cooled to room temperature be-
fore they were weighed to obtain the ﬁnal mass.
Abrasion resistance was determined according to BSEN
1338; annex G by the Wide Abrasion test. The wearing ma-
chine is essentially made of a wide abrasion wheel, a storage
hopper with a control to regulate the output of the abrasive
material, a ﬂow guidance hopper, a clamping trolley and a
counterweight. Immediately before testing, the surface to be
tested is cleaned with a stiff brush and covered with a surface
dye to facilitate measuring the groove (e.g. painting with a
marker pen). The hopper is ﬁlled with corundum (abrasive
material) and the specimen is brought into contact with the
wide abrasion wheel. The control valve is then opened and
simultaneously the motor is started so that the abrasion wheel
achieves 75 revolutions in (60 ± 3) s. The test was carried out
by abrading the upper face of a paving block with fused alu-
mina (corundum). According to tradition and practice regard-
ing the use of concrete block paving in the UK, the blocks are
categorized into classes based on test results. In areas subject
to very heavy pedestrian and vehicular trafﬁc, Class 4 should
be used. In areas, subject to normal pedestrian and vehicle
use, e.g., public pavements and roads, at least Class 3 products
should be used. In areas subject to light pedestrian and vehic-
ular use, e.g., garden, drives, at least Class1 products should be
used. Table 8 shows the requirement for each Class.
Abrasion resistance was also conducted according to
ASTM C418 by sandblasting [11]. The abrasive is natural silica
sand graded to pass a No. 20 (850-lm) sieve and retained on a
No. 30 sieve (600-lm). The specimen was placed with the sur-
face to be tested normal to the nozzle axis at a distance of
76 ± 2.5 mm. The surface of each specimen was exposed to
the blast for a period of 1 min. This process was repeated on
eight spots on the surface. The abrasion coefﬁcient loss and
average thickness loss were reported.
The characteristic tensile splitting strength was determined
by testing according to BSEN 1338, annex F. The blocks were
immersed in water at 20 ± 5  for 24 ± 3 h, removed, wiped
dry and tested immediately. The test is carried out along the
longest splitting section of the block, parallel and symmetrical
to the edges. Also, the failure load per unit length in newtons
per millimeter was being reported as required by the standard
speciﬁcations.
The skip/skid resistance test was performed in accordance
with BSEN 1338, annex I. The measurement of unpolished slip.
Test results Standard requirements
150 Not less than 45 min
195 –
1 Not more than 10
23.5 Not less than 20
55.2 Not less than 52.5
Table 2 Percentages of chemical composition of portland cement.
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 L.O.I. Total
19.95 4.91 3.45 62.35 0.72 0.4 0.272 3.19 – – 4.72 99.96
Table 3 Portland slag cement properties according to ESS 4756-1/2009.
Property Description Test results Standard requirements
Min. Max.
Setting time (min) Initial 150 75 –
Soundness (mm) 0.8 – 10
Compressive strength (MPa) 7 days 23.7 16 –
28 days 40.9 32.5 52.5
Speciﬁc surface (cm2/g) 3282 – –
Soundness and setting time tests were conducted according ES2421-1/2005.
Compressive strength test was conducted according ES2421-7/2005.
Speciﬁc surface area test was conducted according ES2421-6/2005.
Table 4 Portland slag cement chemical properties according
to ESS 4756-1/2009.
Property (%) Test results Standard requirements
Min. Max.
Loss on ignition 2.06 – –
Insoluble residue 0.9 – –
Sulfur trioxide (SO3) 2.46 – 3.5
Chloride (Cl) 0.036 – 0.1
Fig. 1 Sieve analysis of sand.
Table 5 Physical properties of sand.
Speciﬁc gravity 2.56
Volumetric weight (ton/m3) 1.52
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pendulum friction test equipment to evaluate the frictional
properties of the specimen on the upper face. Immediately
prior testing with the friction tester, the specimens were im-
mersed in water at (20 ± 2)  for at least 30 min. The test spec-
imen was located with its longer dimension lying in the track of
the pendulum. The pendulum was released and the position of
the pointer on the scale (the pendulum test value) was re-
corded. This operation was performed ﬁve times for each spec-
imen, rewetting the specimen each time. The mean of the lastthree readings is recorded. The specimen is then relocated after
rotating through 180  and the procedure was repeated. The
sample comprises ﬁve specimens. Table 9 shows the potential
for slip in accordance to tradition and practice regarding the
use of concrete block paving in the UK.4. Interlocking mixture proportions
The control mix design for the manufactured product was se-
lected from previous research work [12], and tested at ages
28 days and 180 days respectively. For 28 days after casting,
all specimens were sprayed twice daily. The control specimens
were stored at room temperature after age 28 days until tested
at age 180 days without being sprayed. Concrete mixture pro-
portions and types of cement are given in Table 10. The prod-
uct consisted of two layers. The top layer (facing layer) was
approximately 8 mmﬁ 10 mm thick while the bottom layer
(backing layer) was about 70 mm thick. The demoulding abil-
ity is an essential criterion for manufacturing paving units. The
water contents of the paving units were adjusted based on this
criterion. The (w/c) ratio was adjusted for each mix to main-
tain an almost zero slump. Crushed stone was not washed
prior to mixing. The testing plan is shown in Table 11. A Total
number of 200 specimens were tested in the present study. The
specimens were hexagonal in shape.5. Results and discussions
5.1 Compressive strength
Compressive strength is an important parameter in evaluation
of paving block quality. The compressive strength was mea-
sured for the four mixes at ages 28 and 180 days respectively.
For 28 days after casting, all specimens were sprayed twice dai-
ly. Then, for the next ﬁve months, they were stored at room
temperature without being sprayed until tested.
According to ASTM C936 [13], the average compressive
strength should not be less than 55 N/mm2. It should be noted,
that the test was carried according to ASTM C140 [14], while
Fig. 2 Sieve analysis of crushed limestone.
Table 6 Physical properties of coarse aggregate.
Property Crushed stone Acceptance limits
Speciﬁc gravity 2.78 
Volumetric weight (tons/m3) 1.65 
Absorption percentage 0.6% Not more than 2.5%a
Clay and other ﬁne materials (%) 0.3% Not more than 3% by weightb
Impact value (%) 21% Not more than 30%b
a According to the Egyptian code of practice issued 2001.
b According to the Egyptian standard Speciﬁcations 1109/2002.
Table 7 Percentages of chemical analysis of crushed limestone.
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 L.O.I. Total
0.92 0.18 0.09 55.26 0.14 0.04 0.08 2.03 0.01 0.05 40.9 99.7
Table 8 Abrasion resistance class.
Class Requirement
1 No performance measured
3 623 mm
4 620 mm
Table 9 Pendulum test values.
Pendulum test value Potential for slip
Below 19 High
20 to 39 Moderate
40 to 74 Low
Above 75 Extremely low
Note: The information in this table is taken from the measurement
of ﬂoor slip resistance. Guidelines recommended by the UK Slip
Resistance Group, Issue 2, RAPRA, 2000.
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stated in ASTM C936. Also, both American Standards
(ASTM C140 & 936) do not mention the age at which the spec-
imens should be tested, or the method of curing. Mix 1 (con-
trol mix) and mix 2 (upper layer contained Portland slag
cement) gave compressive strength that was 60% of that stated
by the speciﬁcation, while mix 3 (backing layer contained Port-
land slag cement) and mix 4 (both layers contained Portland
slag cement) resulted in 50% and 47% compressive strengthrespectively of that required by the speciﬁcation at age 28 days.
However, at age 180 days, the compressive strength of mixes 1
and 2 were 93% and 91% of the 55 N/mm2. Mixes 3 and 4
gave compressive strength that was 73% and 65% of that indi-
cated in the speciﬁcation. From the results, it is possible to
manufacture paving units using slag cement in the upper layer
as mix 2 almost met the requirement of the standard at age
180 days. The results are shown in Table 12 and Fig. 3. It is
worth mentioning that according to ESS (a few years ago),
paving units were categorized into three categories based on
compressive strength. The three categories were; heavy duty,
medium duty, and normal duty. The average compressive
strength based on the three categories was 55 N/mm2, 45 N/
mm2, and 35 N/mm2 respectively. Consequently, it is in the re-
searcher’s opinion that specifying compressive strength to be
55 N/mm2 is too high and should be decreased.
5.2 Water absorption
The test results are the highest water absorption percentage
obtained regarding the three specimens for each mix. Mixes
1 and 2 satisﬁed the limit of EN 1338, while, mixes 3 and 4
did not meet the condition of the standard at age 28 days.
On the other hand, as expected, at age 180 days, water absorp-
tion percentages decreased for the four mixes. Mixes 3 and 4
met the condition of the standard at age 180 days. The tradi-
tional trend between product absorption percentage and prod-
uct compressive strength was fulﬁlled to a certain extend as
both properties are inversely proportional. The test results
are presented in both Table 12 and Fig. 4.
Table 10 Mixture proportions and cement types.
Constituents materials (kg/m3) Cement Sand Crushed stone Water Slump (cm)
Facing layer 150 450 – 32.5 Almost zero
Backing layer 600 1125 675 116 Almost zero
Mix No. Mix 1 Facing layer: Portland cement
Backing layer: Portland cement
Mix 2 Facing layer: Portland Slag cement
Backing layer: Portland cement
Mix 3 Facing layer: Portland cement
Backing layer: Portland Slag cement
Mix 4 Facing layer: Portland Slag cement
Backing layer: Portland Slag cement
Table 11 Testing plan.
Tests carried out on products Testing method Number of blocks Testing age Limits
Compressive strength ASTM C 140 5 28 & 180 days Avg. compressive strength
<55 N/mm2
Water absorption percentage BSEN 1338
Annex E
3 28 & 180 days No block shall have a water
absorption >6% by mass
Abrasion resistance BSEN 1338
Annex G
3 28 & 180 days Each block shall meet the
requirements for the declared
class (only classes 3 and 4)
ASTM C 418 3 Specimens shall not have a
greater volume loss than 15 cm3/
50 cm2. The avg. thickness loss
shall not exceed 3 mm
Tensile splitting strength BSEN 1338
Annex F
8 28 & 180 days No block shall have a tensile
strength <3.6 N/mm2 nor a
failure load <250 N/mm
Skip/skid resistance BSEN 1338
Annex I
5 28 &180 days The mean of the 5 blocks shall be
declared
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Abrasion of concrete occurs due to scraping, rubbing, skid-
ding or sliding of objects on its surface. Some researchers
claim that the abrasion resistance of concrete is mainly
dependent on the ﬂexural tensile strength of concrete. They
claim that a general relation numerically describing this rela-
tion has a linear form in log scale correlation. In other words,
a stronger relation exists between abrasion and ﬂexural ten-
sile strength than that between abrasion and compressive
strength [15]. The limits are shown in Table 11 and the results
are shown in Table 12. It was observed that the four mixes
did not satisfy the limit of volume loss (ASTM C 936) at
age 28 days. Mixes 1 and 3 gave almost similar volume loss
in regard to both ages (28 and 180 days). However, it was no-
ticed that in mix 2 that there was considerable improvement
in volume loss in regard to both ages. This may possibly be
due to the reaction of the slag cement with the calcium
hydroxide and alkalis released during hydration of the Port-
land cement (ACI 233.1 R).The reaction products ﬁll the
spaces in the spaces in the paste and result in a dense micro-
structure [16]. Pertaining mix 4, at age 180 days, the obtained
result met the condition of the standard. This may possibly
be attributed to the fact that the use of slag cement reduces
permeability of mature concrete.All four mixes did not satisfy the ASTM C936 requirement
pertaining to the second criterion of loss in thickness at age
28 days. As expected, the loss in thickness decreased at the
age 180 days for the four mixes when compared to the results
at age 28 days. Mixes1, 2, and 3 again did not meet the condi-
tion of the standard at age 180 days. Mix 4 is the only mix that
gave volume loss that almost met the requirement of the stan-
dard. The result was only 6% higher than that dictated by the
standard. Consequently, mix 4 satisﬁed both criteria of the
standard at age 180 days. Figs. 5 and 6 illustrate the effects
of cement type and content on volume loss and thickness loss
respectively.
The four mixes did not meet the requirement of BSEN 1338
presented in Table 8 (classes 3 and 4) concerning both ages (28
and 180 days). However, according to practice regarding the
use of paving units in the UK, paving blocks of the four mixes
are categorized as class 1. Class 1 can be used in light pedes-
trian and vehicular areas such as gardens and parks. Fig. 7
and Table 13 show the effects of cement type and content on
abrasion.
5.4 Skip/skid resistance
The skip/skid resistance results of the four mixes at both ages
were in the range of 72 and 77.7. According to Table 9 which
Fig. 3 Effect of cement type and content on compressive
strength.
Fig. 4 Effect of cement type and content on absorption
percentage.
Fig. 5 Effect of cement type and content on volume loss.
Fig. 6 Effect of cement type and content on thickness loss.
Fig. 7 Effect of cement type and content on abrasion.
Table 12 Test results of properties of paving units.
Mix No. Average product comp.
strength (N/mm2)
Product absorption
percentage
Abrasion according to ASTM C418
Volume loss
(cm3/50 cm2)
Avg. thickness loss
(mm)
Mix 1 (28 days)
(180 days)
33.4
51
5.82
4.3
21.95
21.17
4.98
3.86
Mix 2 (28 days)
(180 days)
33.5
50
5.8
4.17
31
25
7.31
4.71
Mix 3 (28 days)
(180 days)
28.1
40.3
7.0
5.6
20
19.6
6.05
4.89
Mix 4(28 days)
(180 days)
26.
36
6.68
5.76
22.62
13.82
5.78
3.2
46 H.A. El Nouhyindicate the potential for slip applied in the UK, the potential
for slip ranges for the four mixes between low and extremely
low. The results are presented in Table 13 and Fig. 8.
5.5 Splitting tensile strength
There are two criteria regarding splitting tensile strength. The
ﬁrst criterion is the minimum splitting tensile strength which
should not be less than 3.6 N/mm2 for any block. The four
mixes did not satisfy the ﬁrst criterion at both ages. The second
criterion is the minimum failure load/length which should not
be less than 250 N/mm. The four mixes again did not meet the
Table 13 Test results of properties of paving units.
Mix No. Abrasion resistance
(mm) according to BSEN 1338
Skip/skid resistance
(USRV)
Minimum tensile
splitting strength (N/mm2)
Minimum failure l
oad/length (N/mm)
Mix 1 (28 days)
(180 days)
25
23.5
77
72
1.29
2.09
158
335
Mix 2 (28 days)
(180 days)
27.5
24.5
76.5
76.48
1.86
2.36
238
312
Mix 3 (28 days)
(180 days)
29
26
77.5
75
1.45
2.19
202
273
Mix 4 (28 days)
(180 days)
27
25
77.7
75
1.36
2.05
199
260
Fig. 8 Effect of cement type and content on skip/skid resistance.
Fig. 9 Effect of cement type and content on splitting tensile
strength.
Fig. 10 Effect of cement type and content on failure load.
Properties of paving units incorporating slag cement 47second criterion at age 28 days. However, at age 180 days, the
second criterion was satisﬁed by the four mixes. Fig. 9 and 10,
as well as Table 13 show the obtained results.6. Conclusions
Based on the experimental results obtained from this study, the
following conclusions can be drawn:
(1) Compressive strength requirement was almost met when
slag cement was used in the upper layer at age 180 days.
(2) The conformity criterion regarding water absorption
percentage was satisﬁed at age 28 days pertaining to
both the control mix and the mix in which slag cement
was used in the upper layer (mix 2).
(3) The conformity criterion regarding water absorption
percentage was satisﬁed at age 180 days regarding mixes
3 and 4.
(4) It was observed that the four mixes did not satisfy the
limit of volume loss (ASTM C 936) at age 28 days.
(5) At age 180 days, mix 4 (both layers contain Portland
slag cement) met the condition of ASTM C936 standard
regarding volume loss.
(6) All four mixes did not satisfy the ASTM C936 require-
ment pertaining to the second criterion of loss in thick-
ness at age 28 days.
(7) Mix 4 satisﬁed both criteria of ASTM C936 standard
concerning abrasion at age 180 days.
(8) According to common practice in the UK, the potential
for slip ranged between low and extremely low for the
four mixes at both ages
(9) The four mixes did not satisfy both criteria regarding
splitting tensile strength (EN1338 and ESS 4328) at
age 28 days.
(10) At age 180 days, the second criterion of splitting tensile
strength (minimum failure load/length) was satisﬁed by
the four mixes.
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